A micro-Fick method has been developed to measure the O, consumption of different region* of an organ. The method was tested in isolated dog gracilis muscle and consisted of mkrospectropbotometric determination of arterial and venous O, saturation in quick frozen tissue to determine O, extraction and flow measured with re Srlabeled mkrospheres, with O, consumption calculated from the product. This was compared to etectromagnetically measured flow and O, extraction determined by Van Slyke or CO-oxuneter. The accuracy of the new measurement was at wont 8.7% for O 2 consumption over the range tested in a single muscle. In the hearts of anesthetized openchest dogs, right ventricular O, consumption, 7.1 ± 0.9 ml Oj/min per 100 g, was significantly lower than left, 11.0 ± 0.4. This gradient was related to a Mood flow difference. Right ventricular base had a 51% lower O, consumption than right ventricular apex. In the left ventricle, subepkardial O, consumption, 9.5 ± 0.7, was lower than that of the subendocardium, 12.1 ± 0.7. This difference was related to a difference in O, extraction.
ENERGY COSTS vary with an organ's functional needs. The same relationship applies within different regions of the same organ. In vivo regional differences in O t consumption are known within some organs, e.g., white and gray matter of the cerebral cortex, subepicardium, and subendocardium of the left ventricle, and cortex and medulla of the kidney. 1 " 3 Only qualitative evidence for these differences exist. We have developed a technique that can quantitatively measure these differences in regional O 2 consumption under different functional conditions. Regional Oj extraction is measured, using our recently developed microspectrophotometric technique, 4 -B and regional blood flow is determined with radioactive microspheres. Regional O 2 consumption is calculated from these data by the Fick principle.
This method of determination of regional O, consumption has been applied to the heart where there are clear differences in cardiac work between the right, left, and septal ventricular walls. Until now, there has been no way to quantitate this difference in terms of O 2 consumption. Differences in blood flow have been reported between the ventricular walls, 6 ' 7 but no disparity has been found between the average arteriovenous O t difference of the right, septal, and left ventricular walls, although within the left ventricular wall some regional arteriovenous O s saturation differences exist. 8 We have studied O t extraction and flow in the same dog and determined differences in O t consumption between the ventricular walls.
In the left ventricular free wall, there has been some qualitative evidence for regional differences in O 2 consumption as a function of depth within the wall. The deeper, subendocardial layer appears to have a higher O t consumption and to perform more work than the more superficial, subepicardial layer. 1 ' 9 Subendocardial sarcomere length has been demonstrated by Spotnitz et al. 9 to be greater than subepicardial during diastole. They also found the subendocardium shortened to a greater degree in systole, an indication of the greater subendocardial work and O 2 consumption. It has been determined qualitatively for the dog by Krogh analysis of data on blood flow, tissue Oi tension, and small vessel blood content that subendocardial metabolism is higher than subepicardial. 1 We now have direct quantification of this difference in O 2 consumption.
This method has been applied to the heart, an organ with marked regional differences in flow, O 2 extraction, and O, consumption. To assess its accuracy, the isolated gracilis muscle preparation in the dog was used. Unlike the heart, in the gracilis muscle preparation one can easily measure total blood flow and O 2 extraction. We compared our method to the standard Fick technique to determine its accuracy. Further, the gracilis muscle is a predominantly white muscle with only a few red fibers and therefore fairly homogeneous with regard to the test parameters. There are no reported regional differences in the muscle. This makes it an ideal test organ for our technique. In the heart, the advantage of a micro-Fick technique to measure differences in O 2 consumption is apparent, since larger regional differences exist.
Methods

Gracilis Muscle Preparation
For this portion of the study, 12 mongrel dogs ranging in weight from 14.3 to 25.2 kg were anesthetized with sodium pentobarbital, 30 mg/kg, iv. The trachea was intubated and artificial ventilation was instituted with a Harvard pump. The FACO, was monitored with a Godart capnograph and held constant by adjustment of the respiratory pump. A carotid artery was catheterized to record blood pressure and heart rate. The catheter was connected to a Statham P23AA transducer. The catheter was also used to obtain arterial blood samples. The chest was opened at the fifth interspace. The pericardium was cut and a catheter was placed in the left atrium for injection of radioactive microspheres.
Gracilis muscles were isolated bilaterally in each dog. The technique employed is a slight modification of those described previously. 10> " Only the main supply artery and vein were left intact, as was the obdurator nerve. Venous blood samples were obtained from a small catheter used to sample gracilis venous blood. A small electromagnetic flow probe was placed on each gracilis artery. Records were obtained from a Beckman R411 polygraph. The dog was given approximately 10,000 U of heparin, and one-half hour was allowed for the preparation to stabilize before the experiment began.
Control heart rate, blood pressure, and gracilis muscle blood flows were obtained. One muscle was then stimulated directly by electrodes placed at either end of the muscle to increase the observed range of O 2 consumption. A Grass SD9 stimulator was used with the following settings: 2-3 cycles/sec, 15-50 msec duration, and 7-15 V. After a steady state was reached (at least 5 minutes of stimulation), arterial, control muscle venous, and stimulated muscle venous blood samples were obtained.
Blood samples obtained from the arterial and two venous catheters were analyzed for their O 2 content by the method of Van Slyke and Neill'* or through the use of a CO-oximeter (Instrumentation Laboratory) previously calibrated against the Van Slyke method. Additional blood samples were used to determine arterial blood gases on a blood gas analyzer (IL313; Instrumentation Laboratory). The hematocrit was determined. Hemoglobin concentration was determined on a Fisher hemophotometer.
After the samples were obtained, radioactive microspheres (see below) were injected into the left atrial catheter. The gracilis artery and vein were then clamped bilaterally. The muscles were then quickly excised and dropped into liquid propane chilled in liquid nitrogen. The frozen muscles were stored at -70°C until ready for use. They were cut to a convenient size on a bandsaw at -20°C. The muscles were divided into an upper, middle, and lower third. In each third, two adjacent sections were taken; one was used for the flow measurements and the other to determine the O, extraction.
In the frozen state, the striking color differences between arterial and venous blood are preserved. To quantitate these differences and measure the O 2 saturation of frozen arterial and venous blood, we have recently developed a three-wavelength microspectrophotometric method.' 1 -* This method involves the microspectrophotometric measurement of blood vessels in a frozen tissue. The absorbance ratio is obtained at 560/506 nm in spite of the nonspecific light loss caused by ice crystals from measurements of absorbance at 560, 523, and 506 nm. The accuracy of O t saturation obtained in blood vessels was about 4% when compared to the Van Slyke analysis.
After the gracilis muscles were cut to a convenient size, they were mounted with an embedding medium (O.C.T.
Compound, Lab-Tek Products). Sections (30 /iin) were cut on a rotary microtome at -20°C. They were transferred to precooled glass slides and covered with degassed silicone oil and a coverglass. These slides were placed on a Zeiss microspectrophotometer fitted with a cold stage to obtain readings of absorbance at 560, 523, and 506 nm. The slit width was set at 5-nm bandpass and the size of the measuring spot was 12.5 ^im. Readings were obtained to determine O 2 saturation from three to five arteries and veins in each of the upper, middle, and lower thirds of the gracilis muscle. The Oi content of the blood was obtained by multiplying the percent O 2 saturation by the hemoglobin concentration times 1.36.' 3 The amount of oxygen physically dissolved was also taken into account. The difference between the average arterial and venous O 2 contents was used as the O 2 extraction. O 2 content and O 2 saturation were determined in duplicate arterial and venous blood samples by Van Slyke apparatus (12 muscles) or CO-oximeter (10 muscles). O 2 extraction obtained by this method was compared to the microspectrophotometrically obtained measurement in each muscle.
Q (Blood Flow)
A comparison of blood flow measurements obtained by the electromagnetic flow probe and by the radioactive microspheres was performed in each gracilis muscle. The flow probes were connected to a pulsed logic blood flow meter (model BL-610; Biotronex Laboratory, Inc.). The probes were calibrated periodically, using the arteries of several dogs. Zero flow was obtained during the experiment by occlusion of the vessel distal to the probe. To measure flow by microspheres, approximately 4 million carbonized ""Sr-labeled microspheres, 15 ± 5 ^m in diameter (3M Co.) were injected as an approximately 0.5-ml bolus into the left atrial catheter and then flushed with 10 ml of saline. This amount of spheres could be injected without any significant effect on aortic blood pressure, heart rate, or gracilis muscle blood flow. A reference sample method was used to obtain flow. 14 ' ' 5 The sample was obtained from the carotid artery catheter with a peristaltic pump set at a fixed rate.
Blood flow was determined from the microsphere data by counting on a Hewlett-Packard Autogamma Spectrometer. Arterial blood samples obtained from the arterial reference sample and muscle samples obtained from the upper, middle, and lower thirds of the gracilis muscle were weighed and placed in tubes to be used in the spectrometer. Blood flow, averaged from the three muscle samples, was expressed in ml/min per 100 g tissue. Blood flows expressed in ml/min obtained by electromagnetic flowmeter were converted to a directly comparable measure by using the weight of the gracilis muscle before it was sectioned.
V O 2 (Oj Consumption)
The O 2 consumption of the gracilis was obtained using the Fick equation in two ways. (1) "Macro": The O 2 extraction determined by the Van Slyke apparatus or CO-oximeter was multiplied by flow measured by the electromagnetic flowmeter. (2) "Micro": The microspec- VOL. 42, No. 3, MARCH 1978 trophotometrically obtained O 2 extraction was multiplied by flow obtained through the use of radioactive microspheres, and an average for the entire muscle was obtained.
Comparisons were performed to determine whether differences between the "Macro" and "Micro" methods for determination of Oj extraction, flow, and O 2 consumption existed. Student's /-test was used to compare paired values. Regression lines were constructed by the method of least squares. The ability of a "Micro" measurement from a single muscle to predict the true "Macro" values was used as an index of accuracy. 1 " This test is more statistically severe than the use of the population estimate from the confidence interval of the regression line. In addition, the standard error of estimate was computed.
Heart Preparation
Nine mongrel dogs of either sex were anesthetized with sodium pentobarbital, 30 mg/kg, iv. The surgical procedure was similar to that for the gracilis preparation. The carotid artery was catheterized. Under artificial ventilation, the chest was opened at the fifth interspace. The pericardium was incised and tied back, and a catheter was placed in the left atrium.
At least one-half hour was allowed for the preparation to stabilize. Heart rate and blood pressure were then measured. Arterial blood samples were obtained for analysis of blood gases, pH, Sao,, and hemoglobin concentration. A dose of radioactive microspheres was given and flushed into the left atrial catheter, while a blood sample was collected by peristaltic pump from the carotid artery catheter.
The heart was then fibrillated to arrest blood flow during the freezing process. Immediately, with a large pair of shears, the ventricles were cut below the atrioventricular ring and dropped into liquid nitrogen-cooled liquid propane. This ensured that the freezing process began simultaneously on both the inside and outside of each ventricular wall. The frozen hearts were stored at -70 c C until analyzed. We have reported 8 that it takes about 4 seconds from fibrillation until the heart is dropped into liquid Nj-cooled propane and that a period of less than 10 seconds is required to completely freeze the tissue. We have shown no changes in O, saturation in veins, less than 50 pirn in diameter, until at least 15-30 seconds had elapsed before freezing. Larger veins and arteries allow even more time.
, -C v O, (O2 Extraction)
Hearts were cut on a bandsaw at -20°C. Eight plugs were obtained: right ventricular base and apex, septal base and apex, and left ventricular (left anterior descending and circumflex artery sides) base and apex. The left anterior descending and circumflex artery sides of the left ventricle were combined in the results, since no differences existed. The plugs were cut in a microtome-cryostat and analyzed on the Zeiss microspectrophotometer in the same way as the gracilis muscle preparation.
Two regions of every piece of right ventricle (subepicardial and subendocardial) were examined. Three regions per plug of septal wall (right, middle, and left) and left ventricle (subepicardial, middle, and subendocardial) were also examined. Microspectrophotometric measurements were made in a region on the first three to five arteries and veins found, as to size and O 2 saturation.
Q (Blood Flow)
Adjacent heart samples were prepared for determination of blood flow. The reference arterial blood samples and the heart muscle samples were weighed and placed in counting tubes. The activity of the carbonized •"Sr-labeled microspheres, 15 ± 5 /ini in diameter, was determined as above. The reference sample method was used to determine blood flow in ml/min per 100 g of tissue.
Vo 2 (O 2 Consumption)
The paired product of O t extraction and blood flow was used to determine O 2 consumption on a regional basis within the heart. A factorial analysis of variance was used to determine whether differences in O 2 extraction, blood flow, or Oj consumption existed between and within ventricular walls. The statistical significance of differences was determined by the Student-Newman-Keuls procedure.'" A value of P < 0.05 was accepted as significant.
Results
Gradlis Muscle
The heart rate, 140 ± 7 (mean ± SE) beats/min, blood pressure 135 ± 7/105 ± 5 mm Hg, and blood gases and pH under the experimental conditions were all within the range reported by others for this type of preparation. Gracilis muscle blood flow in the control condition before electrical stimulation averaged 6.0 ml/min per 100 g with a range of 2.4-13.6 ml/min per 100 g for all muscles. The control gracilis muscle O s extraction averaged 4.8 ml OJ 100 ml blood, and the O t consumption averaged 0.29 ml Outrun per 100 g. This is similar to the reports of others using the same gracilis preparation. 10 ' "
Comparisons were made between both arterial-venous O, saturation difference and O t extraction as measured by the "Macro" and "Micro" methods in 22 gracilis muscles. No differences in arterial or venous O 2 saturation was found between the two methods. There were no significant differences between paired samples in O 2 extraction or arterial-venous O t saturation difference between these methods as determined by Student's /-test.
The method of least squares was used to compute a regression line from the paired data for O t extraction These data and the regression line are shown in Figure 1 . The equation is shown and the correlation coefficient is 0.993. This equation does not differ significantly from y = x. The accuracy of the O 2 extraction measured microspectrophotometrically in a single muscle is 7.3-7.8% over the range tested. The standard error of estimate is 3.5% of this range. 10 15 ml Ot/IOOml blood 
Q (Blood Flow)
Blood flow in the gracilis muscle was measured by electromagnetic flowmeter ("Macro" method). This was compared to an average of flows measured in the upper, middle, and lower thirds of 22 gracilis muscles by the radioactive microsphere technique. There was no significant difference between the paired data for flow measurements using the "Macro" and "Micro" techniques by Student's Mest.
A regression line was computed from the paired data for gracilis muscle blood flow by the method of least squares. The paired data and the regression line are shown in Figure 2 . The correlation coefficient was 0.989 for the given equation. The equation does not differ significantly from y = x. The accuracy of the flow measured by the "'Sr-labeled microspheres for a single muscle determination is 5.7-9.1 % over the range measured. The standard error of estimate is 3.4% of this range.
V Q 2 (O 2 Consumption)
The O 2 consumption was computed for the 22 gracilis muscles from the product of O 2 extraction and flow obtained independently by the two methods. The "Macro" measurement was obtained from the flow probe and paired data for O 2 extraction from CO-oximeter or Van Slyke apparatus. This was compared to a flow obtained by the radioactive microspheres, and the paired average O, extraction was measured microspectrophotometrically. No significant difference was found between the two methods of measuring O 2 consumption by the ttest for paired means.
A regression line was computed from the paired data for O 2 consumption by the method of least squares. The regression line and data points are shown in Figure 3 with the equation. The slope of the line does not differ significantly from unity. The regression coefficient is 0.992. The accuracy of the Oj consumption measurements obtained in a gracilis muscle by the "Micro" method is 7.5-8.7% of the range tested when compared to the "Macro" method. The standard error of estimate is 3.5%.
Heart
The values for heart rate, blood pressure, and various blood parameters are listed in Table 1 . These values are very similar to those for the gracilis preparation. No changes were observed until fibrillation was instituted.
CaOj -C\Q 2 (O2 Extraction)
The average O z extraction of all hearts examined was 12.6 ± 0.2 ml Oj/100 ml blood. There were no significant Vo (Mocro)= 1.05 VOf(Micro) +0.01 differences in O, extraction in comparisons between the right, septal, and left ventricular walls (Fig. 4) . In comparisons on a regional basis, no differences were observed in base-to-apex comparisons within any ventricular wall (Fig.  5 ). No differences were found between right ventricular subepicardial (EPI) or subendocardial (ENDO) regions or in the septal wall between the right, middle (MID), or left regions (Fig. 6 ).
The ENDO region of the left ventricular free wall had a significantly greater O t extraction than the MID or EPI regions. This difference was found in every heart examined. Arterial O, content was uniform throughout the blood vessels examined in any region of a heart and averaged 17.2 ± 0.1 ml Oj/lOO ml blood for all hearts. The differences in regional O, extraction with depth in the left ventricular free wall were due to differences in venous O t content. significantly lower than that of the septum or left ventricle, 74.9 ± 4.5 and 82.9 ± 3.0, respectively (Fig. 4) . This difference was found in all hearts. In comparisons on a regional basis within the left ventricular and septal wall, no differences in regional blood flow were observed between base and apex (Fig. 5 ). In the right ventricle, blood flow in the base was significantly lower than flow in the apical region. Regional flow differences were not found between right ventricular EPI or ENDO, in the septal wall between the right, MID, or left regions, or in the left ventricular free wall between the EPI, MID, or ENDO regions (Fig. 6 ). O 2 consumption was computed by the Fick equation from the average O 2 extraction and blood flow measured in each ventricular wall or in a given region of a wall for each individual heart. The right ventricular O 2 consumption, 7.1 ± 0.9 ml Oi/min per 100 g, was significantly lower than the left, 11.0 ± 0.4 (Fig. 4) . Septal O 2 consumption, 9.6 ± 0.6, was intermediate and not statistically different from either. The difference in O 2 consumption between the right and left ventricle, averaging about 35% less in the right, was found in all hearts examined. These differences were related to the differences in ventricular wall blood flow. In regional base-toapex comparisons, no differences were found in O 2 consumption in the septal or left ventricular walls (Fig. 5 ). In the right ventricle, however, the O 2 consumption was lower in the base than in the apical region. This was related to the lower right ventricular flow in this region.
Q (Blood Flow)
huh
No differences were found between right ventricular EPI or ENDO regions or in the septal wall between the right, MID, or left regions in measurements of O 2 consumption (Fig. 6 ). The ENDO region of the left ventricular free wall had a higher O 2 consumption than that of the EPI region, as tested by Student-Newman-Keuls procedure. The left ventricular MID region O 2 consumption was intermediate and not statistically different from either. The ENDO O 2 consumption is about 27% higher than the EPI. These differences in O 2 consumption with depth in the left ventricular free wall are related to the differences in O 2 extraction, since the regional coronary blood flow is relatively uniform.
Discussion
The method presented here is the first to be able to determine O 2 consumption quantitatively on a regional basis within an organ. The accuracy of the measurement of O 2 consumption by the Fick principle depends on the accuracy of the flow measurements and measurements of arterial and venous O 2 content. The limitations imposed by each, as well as the limitations of the Fick principle itself, determine the overall accuracy of the method.
In the present study, arterial and venous O 2 contents were measured by determination of the O 2 saturation of the blood, the blood hemoglobin concentration, and the O 2 -binding capacity of the hemoglobin. The O, saturation of the blood was determined by a microspectrophotometric method in quick-frozen tissue. 4 ' 5 Measurements of absorbance were made at three wavelengths microspectrophotometrically on the frozen blood vessels to determine their O 2 saturation. For this method, the variation over the wavelength range employed must be small. 5 A further assumption is that only oxy-and deoxygenated hemoglobin are present.
The process of arresting the blood flow and freezing the tissue impose several limitations on the accuracy of O 2 extraction determinations. Arterial and venous blood was trapped in situ, with minimum disturbance, by simultaneous clamping. In the heart, fibrillation rapidly reduces blood flow. Equilibrium pressure is reached in about 1-2 seconds. During this time, coronary blood flow is greatly reduced. This would somewhat increase O 2 extraction. This increased O 2 extraction should be small and uniform throughout the heart. Excising the heart without fibrillation imposes two very severe limits on the method. It reduces the actual amount of blood in the vessels to be examined through contraction of the heart muscle. This contraction also moves capillary blood into both arteries and veins, which may seriously affect O r extraction measurements.
During the time between removal and freezing of the tissue, oxygen consumption is continuing, although at a reduced rate. We have studied what effect this has on the O 2 saturation of the arteries and veins we examined. No reduction was found in venous O 2 saturation for up to 30 seconds and in arterial O t saturation for up to 2 minutes. 8 This is considerably longer than the time required to put the heart into liquid N 2 -cooled liquid propane, <5 seconds, and for the center of a ventricular wall to reach 0°C, about 8 seconds.
Another limitation of the method is the correct identification of the site or origin of the vessel to be measured. Vessels may originate from sites that were quite different from the area in which they are measured. Arterial O t saturation is relatively uniform and so this problem does not arise. In the left ventricle, endocardial veins originate in the endocardium alone. In the epicardium, veins could also come from other regions. In order to reduce this problem, we chose to look at relatively small veins. Smaller vessels tend to have traversed smaller distances. The possibility of some venous admixture in the epicardium would tend to minimize any differences in venous Oj saturation between these regions. This would make a strong case for the reality of the reported difference in O 2 extraction.
It has been shown in the heart that more variation in O 2 saturation exists in small veins than in large ones." This implies a degree of tissue inhomogeneity with regard to oxygen extraction. This variation could be the partial cause of some of the dispersion of our data for O t saturation. We chose the first three to five arteries and veins in the range of 20-200 /urn that were observed. The accuracy of the O 2 extraction measurements with the present method was 7.3-7.8% of the range tested.
Rudolph and Heymann 17 first demonstrated that radioactive microspheres could simultaneously measure flow to all organs, and Buckberg et al. 14 and Archie et al. 18 have described many of the methodological limitations. We have used the reference sample technique to determine regional blood flow per unit tissue. 14 ' 15 The problems and limitations of the method depend on the number of radioactive microspheres in the reference sample and the counting sample, the adequacy of the mixing, the size of the radioactive microspheres, the adequacy of the trapping, and the general effect of microsphere injection on the systemic circulation.
Buckberg et al. 14 have shown with regard to the reference and tissue samples that at least 400 radioactive microspheres are necessary to allow 20% accuracy. We have injected a large number of microspheres to reduce the error. The number of microspheres injected in the present experiments did not affect hemodynamic param- VOL. 42, No. 3, MARCH 1978 eters. Others have shown no effect with injection of large numbers of microspheres. 19 To measure flow in the systemic circulation, the best site for injection to ensure adequate mixing of the microspheres with the blood is into the left atrium. 14 We also employed left atrial injection. In the coronary circulation, the size of the microspheres has an effect on their distribution within the heart. 20 The conclusion of this group was that the smaller the diameter of the microsphere, the more nearly equal the flow distribution was. In the present study, 15 ± 5 /Am microspheres were used. This size was deemed best for our purpose since it is relatively small but the problem of trapping is minimized. Inadequate trapping of microspheres on the first pass through a tissue leads to flow measurement inaccuracies. 14 ' 15 -l8 Most radioactive microspheres of the 15-/im size are trapped on the first pass. 14 -18 -18 In two gracilis muscles not used in the present study, activity in the venous effluent was found not to exceed background after radioactive microsphere injection. The overall accuracy of the flow measurement using radioactive microspheres in our study was 5.7-9.1 % of the range tested when compared to direct measurements with an electromagnetic flowmeter.
The use of the Fick principle to measure cardiac output is of long standing. O, consumption can also be measured in this manner. The Fick principle has been used for many years to measure the O 2 consumption in skeletal muscle. 21 The limitations of the method are well known. The measured parameters must be in a steady state condition. Further, no changes in the O 2 stores should occur. Thus, while the present method is highly accurate, it cannot measure rapidly changing O 2 consumption.
In theory, the method described here is exactly the same as the more standard method, since they both rely on the Fick principle. The ultimate precision of either method will depend upon errors involved in determining the various components of each. Flow measured by electromagnetic flowmeter should be inherently more accurate than radioactive microsphere measurements. For example, the neglected recycling of indicator would lead to an underestimate of flow. Measurement of O 2 content by the Van Slyke apparatus is highly accurate. Measurement of Oi saturation by microspectrophotometry also is quite accurate. We then must determine the amount of hemoglobin, assume its binding capacity for O 2 , and estimate the amount of O 2 physically dissolved in the plasma. In spite of these limitations, the "Micro" Fick method discussed here is quite comparable to the more standard way of using the Fick principle. The accuracy of our method was 7.5-8.7% of the range tested when compared to the "Macro" method. This new method of quantitative determination of regional O 2 consumption should have wide application; in any organ in which regional O, differences exist, this method could be employed. This is the first report of quantitative measurements and comparisons of regional myocardial O 2 consumption within and between the ventricular walls of any heart. There are clear differences in external work between the ventricular walls. The thickness of the walls varies. There are reported flow differences. 6 -7 No gradients in arterialvenous O 2 saturation difference have been reported be-tween averages for the right, septal, and left ventricular walls." The present report measures these parameters together to allow O 2 consumption to be compared between the right, septal, and left ventricular walls. The present report also presents more selective data than previous reports of left ventricular O 2 consumption for which the coronary sinus was used to determine venous Oj content of the heart. The coronary sinus blood supply is only about 80-90% left ventricular."
No differences in Oj extraction were found in comparisons between the ventricular walls. There was a gradient in flow, right ventricular < septal < left ventricular. This led to a significant difference in O 2 consumption between the right and left ventricles, the right having lower consumption. Further, the lack of O 2 extraction difference implies that the O 2 supply meets metabolic demand in a similar way in the three walls under control conditions, despite the differences in O 2 consumption. Thus overall ventricular metabolic needs seem to be met by difference in flow only. The relation between blood flow and tissue metabolic activity was first proposed in 1879. 2 -1 The relationship of blood flow to metabolic needs in the heart recently has been reviewed by Berne. 24 No differences were observed between the base and apical O 2 consumptions in comparisons carried out in the left ventricle or septum. In the right ventricle, Oj consumption was higher in the apex than in the base. This difference was related to the lower blood flow in the right ventricular base in our experimental preparation. This difference in O 2 consumption does not appear to be related to differences in resting sarcomere length. Leyton et al." found relatively uniform sarcomere lengths in the right ventricle. There are, however, differences in the layers and arrangements of muscle tissue that comprise the base and apical regions of the right ventricle." It is possible that they perform different degrees of work and hence have different O 2 consumptions.
In comparisons between EPI and ENDO in the right ventricle and the right, middle, and left sides of the septum, no differences in O 2 consumption were found. In the left ventricular free wall, however, a significant difference existed with the EPI O 2 consumption being lower than that found in the ENDO. This difference was related to the difference in O 2 extraction found in all animals. Regional left ventricular flow measurements were not significantly different.
The special problem of comparisons of left ventricular flows between the EPI and ENDO regions should be noted. Which region has the higher flow seems dependent on whether an indicator uptake or washout technique is used. Using the uptake of indicators such as rubidium, iodoantipyrine, and microspheres, flow to the ENDO has been reported to be higher. Using xenon washout, iodine washout and hydrogen clearance, blood flow in the ENDO was found to be lower than that of the EPI. These differences have been reviewed. 37 -M Microsphere flow distribution appears somewhat size dependent. 20 These methodological differences have not as yet been resolved. In general, the consensus seems to be that blood flow gradients within the left ventricular wall are normally small. From our data on O 2 extraction, an approximately 17% greater EPI blood flow would be required in order for our O 2 consumptions to be equal in these two regions. It is much more likely that ENDO O 2 consumption is higher than EPI.
The ENDO O 2 consumption is about 27% higher than the EPI in the left ventricle in our study. There are several qualitative indications that agree very well with this conclusion. Spotnitz et al. 9 have demonstrated a greater subendocardial sarcomere length than subepicardial in diastole, as have others. 28 They have also demonstrated a greater degree of subendocardial shortening in systole. This indicates a greater work performed and, hence, higher O 2 consumption in the ENDO compared to the EPI region of the left ventricle. Furthermore, it has been shown by Krogh analysis that the O t consumption of ENDO region appears to be greater than that of the EPI region.' We calculated O 2 consumption from measurements of regional blood flow, relative tissue O 2 tension, and small vessel blood content. The data indicated that control subendocardial metabolism was 20-30% higher than subepicardial metabolic rate. The calculation revealed very similar results to our measured values. Further, evidence from studies of occlusion of coronary arteries indicate that tissue Po, falls more rapidly in the ENDO region compared to the EPI during the occlusion.' 10 There is also evidence that, during flow stoppage, the levels of lactate build up more rapidly in the ENDO. 3 ' All of these findings indicate that the contracting ventricle uses energy unevenly, with the ENDO region of the left ventricle using a larger share.
In the comparison between whole right, septal, and left ventricular walls, the ratio of Oj supply to O 2 consumption was relatively uniform. This indicates that supply differs as does O 2 consumption. This is not the case within the left ventricle. O 2 supply is essentially the same within the EPI, MID, and ENDO regions of the left ventricle,, whereas O 2 consumption increases with depth. The ratio of O 2 supply (Cao, x Q) to O 2 demand (V Ol ) is 1.4, 1.3, and 1.2 for EPI, MID, and ENDO regions, respectively. This may help to explain why tissue Oj tension, which is, in part, dependent on the relationship of O 2 supply to O 2 demand, tends to be lower in the ENDO compared to the EPI region of the left ventricular free wall 1 ' 27 ' 30 in spite of evidence that blood flow may not be very different. IB -20 -17>2a Thus, the relation between O 2 supply and O 2 demand is more precarious in the subendocardial region compared to the subepicardial region of the left ventricular free wall in the heart of an anesthetized openchest dog.
